The purpose of this study is to quantify certain histologic and chemical responses of the intimal tissues in vivo to acutely induced mechanical stresses. Evans blue dye was given to tag serum albumin and an artificial fat emulsion was infused so that altered fluxes of either serum proteins or the artificial chylomicrons across the vascular interface into the intimal region could be detected. Special histologic and photodensimetric techniques were developed to estimate these fluxes as well as the architectural changes in the endothelial cell population. Architectural changes were quantified by doing endothelial cell counts to quantify the "normal" and "abnormal" endothelial cell population density as a function of stress exposure. The stress corresponding to the greatest rate of change of normal to abnormal cell forms is defined as the acute critical yield stress (r c ) and was found to average < 420 dynes/cm 2 . Similarly the stress at which the greatest number of cells are being eroded is defined as the erosion stress (r c ). The flux of Evans blue dye into the intima increased with pressure or wall strain, with shearing stress, and with increased turbulence. The flux of artificial chylomicrons into the intimal region never occurred in the presence of a normal endothelial cell population and was found to be most heavv in areas of total cellular erosion. • It is the purpose of this report to examine the interrelationships among histologic changes, fibrin deposition, and the altered fluxes of artificial chylomicrons and Evansblue tagged albumin across the intimal surface that are associated with certain acutely induced hemodynamic events.
• It is the purpose of this report to examine the interrelationships among histologic changes, fibrin deposition, and the altered fluxes of artificial chylomicrons and Evansblue tagged albumin across the intimal surface that are associated with certain acutely induced hemodynamic events.
Methods

EXPERIMENTAL DESIGN
Dogs weighing between 25 and 38 kg were studied acutely under chloralose-urethane (48 to 480 mg/kg) anesthesia. They were subjected to thoracotomy, exposing the thoracic aorta from the heart to the diaphragm. A uniform portion of the descending thoracic aorta From the Section on Clinical Biophysics, Cardiology Branch, National Heart Institute, Bethesda, Maryland 20014.
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was selected as a "test site." Adventitial suture markers were placed about 12 cm apart at the upstream and the downstream ends of the selected region which could be used as reference markers during subsequent preparation of the tissue for photographic and histologic measurements. The clogs were then studied in three separate groups. Group 1 (control), which consisted of ten dogs, was studied histologically to determine the distributions of the aforementioned fluxes that could be expected under normal conditions. Following preparation of the test site, Evans blue dye (2 mg/kg bw) was given intravenously followed by an infusion of fat emulsion (Intralipid, 1 g fat/kg bw). In two of these dogs blood samples also were drawn before administering fat emulsion and at selected periods over the ensuing 3-hour period to determine the nature of the blood lipid patterns produced by the fat infusion.
94
FRY the experiment using 20-cm PE 20 polyethylene catheters tied into intercostal arteries and attached to P23Db Statham pressure transducers. Flow was monitored at the downstream end of the test site using a 400-cps gated sine wave electromagnetic flowmeter.
At the end of the experimental period, the animals were killed by bleeding. The descending thoracic aorta was carefully removed, dissected free of excess perivascular tissues, opened longitudinally along its dorsal aspect, and mounted on an adjustable tissue-holding rack, upon which it was stretched to its in-vivo dimensions. The stretched endothelial surface of these specimens was immediately photographed on Ektachrome type-B film (developed by E2 process) under uniform illumination (2800°K) for subsequent photodensimetric analysis. Following this, the specimen was placed in a gelatin-formalin fixative for histologic preparation at its in-vivo dimensions as described previously (1) .
Group 2, which consisted of ten dogs, was studied to examine the effects of pressure alone on the distribution of the afore-mentioned fluxes. These dogs were subjected to the same surgical procedure and received the same dosage of Evans blue dye and fat emulsion as the control group. In addition, however, the middlethoracic aorta was cross-clamped to create a large pressure difference across the clamped region and at the same time to stop blood flow, interfacial shearing stress, and turbulence. After a 2-to 3-hour period, the aortas of these dogs were treated photographically and histologically in the same manner as the control dogs.
Group 3, which consisted of 15 dogs, was studied to determine the effect of increased interfacial shearing stress and turbulence on the distribution of the aforementioned chemical changes. This group was subjected to the same surgical procedures and received the same dosages of Evans blue dye as the previous two groups of animals. However, in five of these no fat emulsion was given. The remaining ten received the same dosage of fat emulsion as the previous two groups. In addition, a specially designed, nontraumatic plug containing a longitudinal groove along its side was installed intravascularly at the test site in the descending thoracic aorta following thoracotomy. The details of this device and its method of installation have been reported elsewhere (1) . The purpose of this plug was to accelerate the blood flow around the plug through the small uniform channel along its side so that the overlying aortic endothelial surface was exposed to a measurable broad range of shearing stress by the adjacent blood flow.
The distribution of time-smoothed shearing stress in this hydrodynamic configuration is such that shearing stress on the overlying endothelial surface is most intense at the upstream end of the channel and decays in an approximately exponential manner with distance downstream to relatively low levels at the efflux. This stress distribution was measured immediately after the dog was killed by allowing the blood to flow from the dog through a physical replica of the experimental situation (1) .
Flow was measured continuously in vivo using the same electromagnetic flowmeter system as used in the former two groups. Pressure was measured continuously from a point 4 cm upstream and a point 4 cm downstream from the test site using Statham P23Db pressure transducers. The reader is referred to the previous publication for a more detailed description of this experimental approach (1).
OPTICAL MEASUREMENTS
The normal endothelial surface does not . stain readily with Evans blue. Since this dye forms a relatively stable chemical complex with serum albumin (2) , an increased blue staining of the endothelial surface is usually assumed to represent an increased flux of serum albumin across this surface. Methods do not exist for measuring the Evans blue concentration in the intimal tissue directly. Until they do, methods of estimating intimal staining will remain indirect and unfortunately inaccurate. For lack of a better approach, an indirect photodensimetric technique was used to estimate the Evans blue dye concentration in the intima using a photographic color transparency instead of performing the measurement in the specimen itself. To do densitometry on the fresh tissue would have required prolonged exposure of the tissue to intense light and possible surface drying. Moreover, it was necessary to get the tissue specimens into the fixative as soon after death as possible to avoid post-mortem histologic changes. Before describing the details of this method, it will be useful first to anticipate the results to be presented later and review the characteristic surface staining patterns that occur in the above animal preparations. The endothelial surfaces of the control dogs usually developed a uniform, generalized, faintblue tinge and on occasion showed localized darker staining regions particularly around branch points. Group 2 usually showed a diffusely increased blue staining in the higher pressure region. The staining pattern of group 3 is somewhat more complicated. A black and white photograph of a freshly mounted tissue specimen taken from group 3 is shown in the upper portion of Figure 1 this staining pattern. The picture was taken through red filters so that blue areas appear gray. The "butterfly"-shaped pattern in the middle of the picture represents the resting site of the intravascular plug. The region to the left is the upstream portion of the specimen and can be seen to stain bright blue except for the horizontal longitudinal white stripe along the axis of the specimen. This unstained strip represents the normal unmolested endothelial surface that originally lay in the trajectory of the rectangular slit over the opening of the plug channel during its descent from the upper aorta to the test site. The blue-stained regions on either side of this trajectory can be shown microscopically to have been abraded by the plug surface during its descent. Toward the right of the white trajectory in the entrance portion of the plug channel, the endothelial surface develops an increased staining affinity which is associated with the increased shearing stress of the blood flow as it accelerates into the uniform portion of the channel. The staining is most intense in the entrance region (at z = 0, see lower diagram in Fig. 1 ) and then decreases downstream concomitant with the exponentially decreasing shearing stress along the channel. Just downstream from the channel efflux region and endothelial surface again manifests an increased staining affinity associated with the turbulent discharge from the channel. It can be concluded from these group 3 studies that the endothelial surface develops an increased staining affinity for Evans blue dye 1) if it is mechanically abraded, 2) if it is exposed to increased shearing stresses from the 96 FRY adjacent blood flow, and 3) if it is exposed to chaotic forces of turbulence. It is the increased staining affinity associated with the latter two events that is most interesting from a physiologic viewpoint. Since these mechanical events can be quantified along the axis of the plug flow channel (1), the optical density distribution of interest will be that occurring along the corresponding axis of the transparency.
Referring to the drawing in the lower portion of Figure 1 , the optical density of the transparency at a wavelength of 630 nm was measured as a function of distance along an imaginary dashed line drawn from left to right through the flow channel as indicated. This line corresponds to the locus of the histologic sections to be studied as well as the surface over which the in-vivo distribution of pressure and shearing stress were calculated using the techniques described earlier (1) . This line will be referred to as the "z axis" of the system, and all data will be referred to this coordinate. The origin of this z coordinate is placed at the beginning of the uniform portion of the plug channel as also indicated in the figure (z = 0). Therefore, data upstream from the plug channel will correspond to negative values of z and events downstream to positive z.
The transparency was mounted on a flat 4 X 5 X /2-inch plate of lucite, one surface of which was scoured to a ground-glass texture with an abrasive to diffuse light for viewing purposes. The entire assembly was mounted clear-side down (transparency and viewing surface up) on the stage of a photobinocular microscope. A photovolt model 520M photometer was placed in one of the eyepieces of the microscope to measure the light coming through the 10 X objective of the microscope. A Zeiss graduated interference light filter was placed in the substage light path and adjusted to 630 nm (red). This wavelength was chosen to minimize the variability in optical density due to the red dyes in the photographic emulsion representing hemoglobin in the tissue and yet retain good optical density for those representing the Evans blue-stained regions.
The instantaneous coordinates of the stage were sensed electrically and recorded continuously on magnetic tape. Under visual guidance, it was possible to maneuver the stage such that the z coordinate on the transparency was made to pass under the objective lens over its entire A moderate amount of high-frequency "noise" was always present, and therefore, final curves were constructed for analysis by visually fitting a smoothed curve to these data as shown by the heavier line in Figure 2 . The reproducibility of the photographic technique was examined by placing monochromatic test strips on the tissue racks and photographing them under lighting and exposure conditions identical to those used for the tissue. The variability of the resulting light transmission scans was always within ± 5% of the mean light transmission over the total length of z. It can be concluded that the photographic and light measuring techniques are acceptably reproducible and "noise-free" for present purposes. The interpretation and further analysis of these smoothed light transmission vs. z curves will be discussed in the Results section.
HISTOLOGIC MEASUREMENTS
The histologic picture associated with the above staining pattern was studied from formalin-fixed, gelatin-embedded, 20-/x thick, hematoxylin-and oil red "O"-stained, longitudinal tissue sections that originally lay along the z axis of the tissue specimen as described previously (1). The histologic slides were placed on a specially designed servomotor-driven, calibrated, electrically recording microscope stage. The motion of the stage could be controlled by small motions of a spring-restrained toggle switch operated with the palm, leaving fingers free to focus the microscope continuously up and down to scan the entire depth of the tissue section. The two electrical signals representing the coordinates of the point in the center of the visual field of the microscope were recorded continuously on two channels of an Ampex FR 600 FM magnetic tape system.
The right hand was free to operate a keyboard of microswitches which were used to send various electrical signals to the remaining channels on the tape system to represent counts of certain cell species or the presence of deposited fat or fibrin. For example, as the slide is maneuvered through the visual field, each cell is identified and its presence signaled on the appropriate channel as an electrical pulse from the keyboard. Similarly the presence of intimal fat or of surface-adhered fibrin passing under Circulation Reiearch, Vol. XXIV, January 1969 the center point of the ocular reticule was signaled by coincident depression of the appropriate key and the appearance of a steady voltage on the associated tape channel corresponding to the "duration" of the lesion.
Using cytologic criteria described previously (1), the following cell species could be uniquely identified and were counted: normal endothelial cells, abnormal endothelial cells, and adhered white blood cells. A computer program was written to convert these counts to their corresponding population densities (cells/mm 2 of interfacial surface). The deposited fat and fibrin almost always involved the full depth (20/JL) of the section when it occurred. Therefore, the "density" of fat or fibrin involvement was expressed as the average percent interfacial involvement by calculating a running average with respect to z of the digitized voltage on the particular channel of interest. Computer programs were written to accomplish this also.
Using the foregoing procedure, it was possible to quantify the histologic changes as cell population density distributions and as percent area fat or fibrin involvement distributions. These distributions can be compared directly either to the optical density distribution of the Evans blue staining patterns or can be related to the corresponding distribution of pressure and shearing stress along z.
Results
PHYSIOLOGIC DATA
As discussed above, the physiologic data recorded continuously during the in-vivo period of these studies were the flow and the pressures at the two extremes of the test site. As would be expected, typically normal pressure and flow patterns were observed in the control group of animals. Moreover, the mean pressure difference between the extremes of the test site was insignificant. One concludes that the endothelial surface was exposed to essentially identical mechanical events along its entire length, i.e., the mean pressure was at a physiologic level (165 ±12 [SD] g/cm 2 ) and did not vary along the test site, the mean shearing stress was uniform, remaining in the normal range (<100 dynes/cm 2 ) (3), and there was no acoustical evidence of turbulence (1). Therefore, any cytologic or chemical changes found in this group may be attributed to variability in the preparation of the histologic material or in the properties of the tissue itself. In group 2, the obvious major physiologic observation was the large mean pressure difference (131 ±15.5 [SD] g/cm 2 ) between the two aortic chambers created by the cross clamp. The mean shearing stress as well as turbulence may be assumed to be negligible in these animals. Therefore, any cytologic or chemical changes observed above and below the clamp in this group may be attributed to the effects of the associated pressure difference alone.
In summary, the physiologic observations in groups 1 and 2 are entirely consistent with intuition and need not be examined at this point in any greater depth. The physiologic data from group 3, on the other hand, are more interesting.
Of the 15 animals in group 3, three developed thrombus in the entrance portion of the plug and could not be analyzed for the distribution of mechanical variables. The distribution of pressure and shearing stress along the aortic test site for a representative experiment from the remaining 12 is shown in Figure 3 , a. Pressure (p) and shearing stress (T) are on the ordinate and the z axis on the abscissa. A schematic diagram of the vessel surface, with the imprint of the plug site and z axis as shown in Figure 1 , is redrawn as the inset at the top of this illustration for reference purposes. Flow is from Pressure (p) is seen to decrease rapidly in the entrance portion of the plug associated with the acceleration of the blood as it enters the plug channel. Pressure drops less rapidly along the uniform portion of the channel and is seen to increase slightly in the efflux region as the blood decelerates into the expanding flow channel provided by the aorta below the plug. The shearing stress (r) upstream from the plug is seen to be quite low but rises precipitously to a peak value as the blood enters the uniform portion of the flow channel. Thereafter shearing stress can be seen to decrease progressively along the plug channel, finally dropping to low values again in the efflux region. The solid portion of this curve is an accurate representation of the shearing stress, whereas the dashed portion contains a certain amount of error since it also was calculated from the pressure gradient. As discussed elsewhere (1) the necessary conditions for calculating T from the pressure gradient are violated in these "entrance" and "efflux" regions.
As reported earlier (1) these time-smoothed quantities, i.e., the time-smoothed pressure and time-smoothed shearing stress, are associated with corresponding superimposed high-frequency components when the flow becomes unstable and turbulence develops. A typical distribution of "turbulent intensity" taken from the previous study (1) is shown by the stippled envelope in the diagram. In experiments in which the channel Reynolds number remains below the critical value of 1,000, the flow remains stable and turbulence only appears in the chaotic efflux from the channel. In animals with channel Reynolds numbers in excess of the critical value, turbulence develops in the upstream portion of the channel and remains essentially constant along the rest of the channel until reaching the efflux region wherein it becomes greatly increased. Since the particular experiment chosen for illustration in Figure 3 had a channel Reynolds number in excess of 1,000, the latter 
EVANS BLUE DYE DATA
The photographic transparencies from the three experimental gioups of animals were scanned for optical transmission at 630 nm along the z axis of the specimen as described earlier. In the first two groups of animals the log of the ratio of the average transmitted light in the upper one-third of the tissue specimen to the average transmitted light in the lower one-third of the specimen (i.e., difference in optical density) was calculated for each animal and compared to zero, i.e., no optical difference. In group 1 the average value of the difference in optical density was -0.023 ± 0.038 ( SEM ). Comparing each difference in optical density to zero, no significant difference was found (0.6 < P < 0.5). One concludes from this that there is normally no difference in the staining properties of the tissue in the upper and the lower end of the aortic test segment, or, if there is, it is too subtle to detect by these techniques and therefore may be ignored.
The photographic data from group 2 were processed in an identical manner. The average difference in optical density between the upper (high pressure) third and the lower (low pressure) third of the aortic test segment was -0.366 ±0.14 (SEM). Comparing each difference in optical density to zero, a significant difference was found (0.05 <P<0.02). Thus, the light transmission is significantly decreased in the region above the clamp where the pressure was high. One concludes that there is a positive correlation between lateral pressure or associated wall strain and the intimal concentration of Evans blue dye, i.e., pressure (or its associated wall strain) in the absence of other mechanical events is associated with an increased flux of Evans blue dye into the intimal tissue layer.
Photometric analysis of the data from group 3 revealed a consistent pattern of light transmission. A typical light transmission vs. z plot has been shown in Figure 2 . The smoothed light transmission curve has been redrawn as the light solid curve (I in Fig. 3,   b ). Referring to the left-hand portion of this curve, it can be seen that the light transmission is relatively constant over the tissue surface corresponding to the "white" stripe representing the trajectory of the plug-channel shown in Figure 1 . Light transmission then drops rather precipitously in the region corresponding to the entrance of the plug channel, reflecting the appearance of the increased blue staining in this region. Note that this corresponds closely to the peak of the superimposed shearing stress (r) curve which has been redrawn from Figure 3 , a. Light transmission then increases along the uniform (0 < z < 3) portion of the plug channel until reaching the efflux region wherein it again dips to a minimum associated with the turbulent efflux from the channel as indicated by the stippled envelope. Light transmission then increases progressively downstream approaching a value which is higher than that measured over the "white" trajectory above the plug.
Referring to the pressure distribution which is shown in Figure 3 , a and referring also to the dye-staining data obtained from the clamp group of animals described above, it is reasonable to attribute a large part of the difference in light transmission between the extreme left-hand side and the extreme righthand side of Figure 3 , b to the associated differences in lateral pressure (or circumferential wall strains) that occurred across the plug in the animals of group 3. However, the intervening staining pattern, i.e., between z = -1 and z = 6, has a form which obviously cannot be correlated with the pressure alone. The pattern in this region appears to have some relationship also to the pattern of shearing stress in the region -1< z < 3 and to turbulence in the region 3 < z < 6. In summary, it appears that the intimal concentration of Evans blue dye in the animals of group 3 must be related to all three variables, i.e., to the pressure, or circumferential wall strain distribution, or both, to the shearing stress distribution, and to the distribution of turbulence.
It would be of considerable interest to 2 and a point downstream away from the turbulent efflux region can be attributed solely to the corresponding pressure difference in a manner analogous to the data from group 2. Since the exact functional relationship between pressure and staining is not known, a linear approximation to this relationship will be made using the above difference in pressure and optical density to calculate the necessary proportionality constant. Multiplying the pressure at any point along z by this value gives the value of the optical density that could have been expected to be due solely to the pressure distribution. The difference between this predicted pressure-related optical density and the actual optical density at that point is an estimate of the added optical density (injury concentration, C T ) which could be related to the corresponding shearing stress and turbulence. A representative injury concentration (C T ) vs. z curve calculated in the above manner is shown in Figure 3 , b as the heavy solid curve along with the corresponding shearing stress (T) distribution for that animal. The light transmission curve (I) from which C T was calculated is shown as the light solid curve. The injury concentration is seen to increase to a peak value in the entrance region of the Circulation Research, Vol. XXIV, January 1969 flow channel (z = 0). In most of the animals the injury concentration decreases progressively from this point on to the efflux. In all of the animals the injury concentration shows an increase in the efflux region similar to that shown in this figure. Inspection of these C T vs. z profiles suggests that C T is probably closely related to the shearing stress exposure in the plug channel and to turbulence in the efflux region.
Although it was not possible to measure the intensity of the turbulence directly, it was possible to measure the shearing stress exposure along the uniform portion of the plug channel by the methods described earlier.
The visual impression that C T is related to the shearing stress ( T ) along the part of the system upstream from the efflux region (z < 3) was tested by calculating the correlation between these variables for each animal. The correlation coefficients and the P values for these coefficients from these calculations appear in Table 1 . A significantly positive correlation is seen in each case.
It can be concluded that when the trend in optical density that might be expected just on the basis of the pressure distribution is removed, the residual optical density (C T ) can be correlated with the intensity of the shearing stress. Moreover, from simple inspection there also appears to be a correlation between C T in the efflux region and exposure to turbulence; however, since turbulence was not estimated in these particular studies, the nature of this correlation cannot be expressed explicitly.
HISTOLOGIC DATA
The histologic data from groups 1 and 2 did not vary from that described previously for normal canine aortas (1). In group 2 the endothelial architecture remained normal both above and below the clamp. There was no evidence of intimal fat deposition in either group.
The histologic data from group 3 may be presented most compactly by the composite illustration shown in Figure 4 . The histologic changes in the five animals in group 3 not receiving fat emulsion were identical to the other ten that received fat emulsion except for the occurrence of intimal fat deposition in this latter group. To avoid redundancy, histologic sections are shown only for three of the fat-infused animals.
For reference purposes the distribution of the various mechanical and histologic parameters described earlier are shown at the top of Figure 4 for animal 426. The light vertical lines on this graph bound regions (identified by the lower case letters at the top) from which the tissues shown in photomicrographs appearing in the series of panels below were taken. Photomicrographs are shown for dogs 426, 428, and 440 as indicated by the numbers at the left of each row of panels. These are arranged in three major rows indicated by the three large numerals at the extreme left of each row. Row 4 at the bottom contains selected photomicrographs from the three animals in which fibrin deposits fonned in the plug channel.
Each major row contains subcolumns indicated by the lower case letters, a through /, appearing in the upper left-hand corner of each subcolumn. These letters refer to the lettered regions of the graph shown above and indicate the approximate locations along the flow system at which the corresponding photomicrographs were taken. The relative location of the origin of the z axis is indicated at the extreme right of row 1 and extreme left of row 2 by the open vertical bars. The location of the z = 3 cm point indicating the end of the uniform portion of the flow channel in the plug is indicated by the vertical bar in the middle of row 3. Therefore, the photomicrographs in row 1 represent tissue upstream from the plug. Those in row 2 represent tissue in the upper portion of the uniform channel in the plug. The two subcolumns on the left of row 3 represent tissue in the lower portion of the uniform channel, and finally the last two columns in row 3 represent tissues downstream from the plug as indicated. Thus, by referring to the letters at the head of each subcolumn and their positions along the flow channel (indicated by the lettered regions of the graph) one is able to study the histologic picture and its association with the corresponding mechanical variables, distributions of endothelial cells, fat deposition, and injury concentration of Evans blue dye. Although the graph shown was taken from animal 426, the corresponding data from animals 428 and 440 were qualitatively the same.
At location "a", the mechanical parameters are essentially normal and the corresponding histologic picture is similarly normal. At locations b and c, the histologic picture shows evidence of endothelial-cell damage associated with the increased exposure to shearing stress produced by the blood as it accelerates to enter the entrance portion of the plug. Thus from subcolumn a to subcolumn c one sees the progression of histologic changes related to shearing stress exposure which have been described in detail in the previous publication (1) .
Subcolumns d, e, and f are taken from the upstream portion of the flow channel where total erosion of endothelial cells is seen frequently. Moreover, in animals which have received intravenous fat emulsion, such as these three animals, impressive deposits of fat may be seen between the fibrillar bundles of connective tissue immediately subjacent to the basement membrane region. The endothelial cells that are remaining appear to be in the process of yielding, melting, or dissolving. Referring to the graph above, it can be seen that this region of the channel was exposed to the highest shearing stress. Since the photomicrographs in subcolumn / show endothelial cellular erosion and yet do not show any subjacent fat deposition, one concludes that fat deposition depends not only on endothelial cellular erosion but is also related to the duration and intensity of exposure to shearing stress. These relationships will be discussed in greater detail below.
At location g, endothelial cells reappear showing varying degrees of damage. Finally, at location h, where shearing stress has decreased to relatively low levels, endothelial cellular architecture returns to an essentially normal picture. Notice from the graph above, however, that the injury concentration, although decreased from the more severely damaged area, remains high. This observation was seen consistently in all studies and may indicate that the permeability of the interface for certain proteins increases at stress exposures below those associated with detectable histologic change.
Location i corresponds to the turbulent efflux from the plug channel and is usually associated with endothelial cellular damage and erosion typical of that shown in these panels (1) . Still further downstream at location /, where shearing stress and turbulence have abated, one sees the return to a normal histologic picture.
The photomicrographs in row 4 were taken from animals which had to be excluded from detailed analysis of mechanical events because of thrombus formation. The sections are presented to show the coexistence of fat deposition and surface adherence of fibrin and blood cellular elements. It is of some interest to note that, although both types of lesions (lipid and thrombotic) can occur independently, when they do occur together as in these photomicrographs, the lipid deposits occur under the thrombus formations suggesting that they preceded the formation of the thrombus. Fibrin deposition never occurred in the presence of normal endothelial Circulation Research, Vol. XXIV, January 1969 cells. The heaviest deposits always occurred in regions of total cellular erosion, i.e., in areas of high stress exposure.
In the two animals selected for serum lipid determinations, no significant alterations in the a and /3 lipoprotein patterns or free fatty acid concentrations occurred over a 3-hour period. We conclude, therefore, that the fat deposited in the intima of the animals of group 3 came directly from the artificial chylomicron pool resulting from the emulsion infusion.
In summary, it appears that the normal endothelial cell can withstand shearing stresses up to some critical value below which they behave essentially as elastic bodies remaining tightly adhered to the basement membrane in an orderly and oriented pattern. The permeability of this surface to certain proteins in the blood phase may increase with increasing pressure (or stretch) and with increasing exposure to shearing stress while appearing to remain histologically normal. In the presence of a normal A-cell population, the surface functions as an effective hydrodynamically competent fluid boundary in that the surface rejects cellular elements, emulsified fat, and thrombus formation. When the endothelial surface is exposed to shearing stresses in excess of some critical value, the cells begin to suffer continuous structural changes which might be described variously as "yielding," "melting," "dissolving," or "changing chemically." This yielding process continues until the cell appears to become mechanically unstable and is washed away from its moorings to the basement membrane either in toto as suggested in Figure 4 , no. 440 column b, or by progressive erosion of cell substance as suggested in many of the other panels, e.g. no. 428 column c. In any case, if exposure to these levels of stress continues, the basement membrane becomes denuded and exposed directly to the forces of the flow. Continued exposure appears to produce erosion of the subjacent intrafibrillar matrix material which is associated with changes in the apparent electrochemical properties of this surface as evidenced by 106 FRY the appearance of a strong affinity for fat emulsion, blood cellular elements, and deposition of thrombotic material. In these areas of heaviest fat deposition, the blue ground substance between the collagen fibers also appeared to be depleted in most instances; however, better histochemical and microphotodensimetric techniques must be developed to prove this.
Thus, a consistent pattern of histologic events occurs along the channel. The foregoing data can be summarized compactly if they are analyzed with respect to two derived parameters, the acute critical yield stress (T C ) and the erosion stress (r e ). The first of these, the acute critical yield stress (T C ) for the endothelial-cell population, has been described previously (1) . The acute critical yield stress was defined as that stress (T C ) at which there is the greatest conversion of normal (A) cell forms to abnormal (B) cells. In an analogous manner, it is possible to define the erosion stress (r e ) of the endothelial cell population from the B-cell population density curve as that stress at which the greatest number of endothelial cells are disappearing. Thus, stresses in excess of r e will correspond with areas of severe damage and erosion. The erosion stress will be a function of time since time is required for the cellular destructive process to occur. Consequently, r e will be high for short exposures and small (approaching T C ) for long exposures. This is in constrast to the critical yield stress (T C ) which, except for a probable initial period of transition, appears to be virtually independent of duration of exposure (1) .
The acute critical yield stress and erosion stress for each animal were calculated in the manner described above and are shown in Table 2 . The "greater than" or "less than" signs in the table indicate that the stress range occurring in that particular experiment did not extend far enough up to reach r e or low enough to reach r c . The mean value of T C for these studies was <420 dynes/cm 2 as compared to 379 ±85 (SD) for the previously reported studies (1) . The significance of the difference in these means could not be tested because of the "less than" entries in the table. The values of r e vary over a wide range. This variability cannot be explained only by the differences in the durations of the experiments and must also reflect a normally occurring wide variation in the time constants of the yielding processes of the endothelial cells' among individual animals.
Since these parameters are defined in
FRY
sive increase of the injury concentration of Evans blue dye beginning at levels of stress below that associated with discernible structural changes in the endothelial cell.
Discussion
One must proceed cautiously in applying the inferences drawn from data obtained in an experimental preparation to the normal situation. Accordingly the data from the present study should be viewed as the product of a test preparation which was designed to preserve the normal metabolic milieu of the tissue as nearly as possible while simultaneously controlling and measuring the mechanical variables of interest. To a certain extent these objectives were compromised by a number of variables which unavoidably accompany many invivo studies. The necessity of using anesthesia and performing widespread surgical procedures may produce metabolic effects which conceivably might influence the events observed in the present study. Moreover, it is difficult to control the blood pH, oxygen tension, and temperature with great precision. It is possible that the relationships among cell rheology, chemical behavior, and stress exposure may depend on one or more of these variables. Consequently, the variability of the rheologic parameters as measured in the present study may not necessarily represent an actual inherent variability in the properties of the tissues from dog to dog but may reflect the influence of one of the uncontrolled factors. One must be cautious in interpreting the absolute values of the parameters presented earlier until these have been confirmed under more physiologic circumstances.
On the other hand, it was shown clearly that within a given individual consistent relationships exist among the density distributions of the endothelial cell population, the injury concentration of Evans blue dye, the intimal deposition of fat and fibrin, and the stress exposure. In spite of possible distortions in the general chemical milieu of the entire system, one sees a consistent pattern emerge among the variables as summarized in Figure 5 . It is most probable that the same patterns would hold for the physiologically perfect system, though with somewhat different absolute numerical values. One cannot escape the conclusion that an increased shearing stress at the blood-wall interface is associated with architectural changes in the interface, an increased flux of Evans blue dye and fat particles across the interface, and an increased affinity of this surface for blood cellular elements and fibrin. Of these, one of the most interesting but perhaps least accurate observation is that the flux of Evans blue dye increases to significant levels at exposures to stress which are less than the acute critical yield stress. If this is true, then it is possible that the flux of certain other molecular species in the blood such as lipoproteins are also coupled to the stress on the endothelial surface under normal physiologic circumstances.
